The effects of mitral valvuloplasty on general cardiohemodynamic function in patients with mitral stenosis have been reported by many investigators (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) . Measurements of renal blood flow, glomerular filtration rate, and excretion of sodium and their correlation with changes in cardiac output, blood oxygen measurements, and vascular pressures also have been extensively studied in patients with various types of heart disease, with and without congestive failure, at rest (11, 12) and during exercise (13) (14) (15) . However, little information is available on the changes in renal circulation or excretion of electrolytes and water in the period early after mitral valvuloplasty (16) . The purpose of this paper is to describe these changes in renal function and to correlate them with alterations in cardiovascular responses. Particular effort has been made to determine whether a specific cardiohemodynamic pattern is associated with disturbances of salt and water excretion before and after mitral valvuloplasty, both at rest and during exercise.
METHODS AND MATERIALS
Nine patients who had mitral stenosis and, in some instances, minimal aortic valvular disease, were studied before and after mitral valvuloplasty. A complete clinical description of the cardiovascular status and treatment of each of the patients is indicated in Table I . The laboratory procedures were performed before, and from 2 to 32 weeks after the operation.
The patients were studied in the postabsorptive state without any sedative medication. A double-lumen intracardiac catheter was placed in the right heart and pulmonary artery. An inlying needle was maintained in the brachial artery. Zero point of reference of the pressures was 10 cm. anterior to the back of the patient in the supine position. Pressures were measured by electromanometers4 and recorded by a direct-writing oscillograph. Mean pressures were determined by electrical integration.
The resistances were calculated from the following formulae: 5 The "total pulmonary" resistance (actually, total resistance opposing the right ventricle) was obtained from the following equation: R = cao x 1,332 dynes seconds cm.f5.
The "pulmonary arteriolar" resistance (actually, the total pulmonary vascular resistance) was calculated as follows: R = co X 1,332 dynes seconds cm.6.
The "total peripheral" resistance (actually, total resistance opposing the left ventricle) was calculated as follows:
BA X 1,332 R = m X 1 dynes seconds cm.-,.
4Sanborn Company, Cambridge, Massachusetts. 5Vascular resistances were calculated according to formulae devised by Gorlin and his co-workers (17) , whose designations are employed here. "Total pulmonary" resistance is defined in terms of the gradient of pressure from the pulmonary arteries to zero, and actually includes the resistance of the pulmonary vessels, that of the mitral valve, as well as the resistance to filling by the left ventricle. Thus, the so-called "total pulmonary" resistance should more correctly be designated as the total resistance opposing the right ventricle.
Similarly, calculation of the "pulmonary arteriolar" resistance is based on the pressure gradient between the pulmonary arteries and the "wedge-pressure." If the latter reflects pulmonary venous pressure, then the calculation of "pulmonary arteriolar" resistance actually includes the resistance of the capillaries and venules, and should be called total pulmonary vascular resistance. "Total peripheral" resistance, furthermore, is calculated on the basis of the pressure drop from the large arteries to zero, and actually includes the resistance to filling by the right heart. Therefore, this should more correctly be defined as the total resistance opposing the left ventricle. (19) .
Blood oxygen contents were corrected for differences in hematocrit, duplicate determinations being required to agree within 0.10 vol. per cent.
During the control period, three to four urine collections were obtained. Urine was collected at the end of each 10 to 15-minute period by washing out the bladder with 20 ml. of distilled water and evacuating the residual urine by displacement with air. Every twenty minutes arterial blood samples were obtained for the determinations of inulin, para-amino hippuric acid, chloride, sodium, potassium, and hematocrit. Blood and urine concentrations of para-amino hippuric acid were measured by the method of Goldring and Chasis (20) and inulin was determined by the method of Schreiner (21) or Roe, Epstein, and Goldstein (22) . Serum and urinary sodium and potassium were determined by the internal standard flame photometer (lithium). Serum and urinary chloride were analyzed by the method of Wilson and Ball (23) . Hematocrit was measured in Wintrobe tubes.
Measurements during the effects of exercise were carried out as follows:
With the distal lumen of the catheter wedged in a radicle of the pulmonary artery the patient exercised in the supine position by alternate straight leg-raising from two and one-half to nine and one-half minutes. During the final minute of exercise the cardiac output was measured. At the instant that the exercise was stopped the measurements of brachial artery, "pulmonary capillary," pulmonary arterial, and right ventricular pressures which were being taken were recorded for use in the calculation of the hemodynamic data. (Pressure measurements were also taken and recorded repeatedly during exercise but were not regarded as completely valid because of the marked fluctuations in intrathoracic and intraabdominal pressures associated with the strenuous exercise of alternate straight leg-raising.) Urine collections were made at the end of the 10-minute period including the time during which the exercise was performed ("the exercise period") and thereafter for three 10 to 15-minute periods. All these procedures were performed after operation in the identical manner as before.
RESULTS
Cardiohemodynamic data for each patient are presented in Table II , and the results in two cases are shown graphically in Figures 1 and 2 . The mean data for the group and a statistical analysis are shown in Table III (the latter patient having associated arterial hypertension) showed appreciable falls in the mean arterial pressure of 20 and 50 mm. Hg, respectively. Likewise, the response of the arterial pressure to exercise was not significantly different before and after operation.
The heart rate at rest was 77 beats per min. preoperatively and 76 beats per min. postoperatively for the group, while after exercise it was 120 beats per min. before and 107 beats per min. after operation. Similarly, in response to exercise the heart rate was, on the average, 12 beats per min. lower after operation. These changes were not statistically significant.
At rest the slight rise in the stroke index after operation was not significant. However, with exercise the average stroke index was 31 ml. per min. per M2 preoperatively and 41 ml. per min. per M2 postoperatively. Likewise, the increase in stroke index in response to exercise was on the average 8 ml. per min. per M2 more after than before operation. These increases in stroke index were significant and reflected the associated increases in cardiac index and reductions in heart rate after operation.
Vascular resistances (in units of dynes seconds
cm. -5) The "total pulmonary" resistance, which includes the calculated resistance of the mitral valve itself, is normally under 200 units at rest. Postoperatively there was a considerable and statistically significant decrease in this resistance as calculated from the data obtained during rest, the average declining from 940 to 530 units. The resistances thus remained elevated above normal even after operation. The resistances calculated from the measurements obtained following exercise likewise dropped (on the average from 1,210 to 630 units) after operation, which is also highly significant statistically. While some patients had only negligible changes in resistance as a result of operation, the direction of the change was uniformly downward.
In response to exercise, "total pulmonary" resistance in normal subjects usually decreases. In eight patients in whom data were obtained both at rest and after exercise pre-and postoperatively, the resistance rose considerably following exercise. The average rise was, however, much less after operation (90 units) than before (300 units). This change was highly significant statistically.
"Pulmonary arteriolar' resistance at rest is normally up to 100 units, and it usually decreases with exercise. In this group, the highly elevated preoperative resting value (average 470 units) declined after operation to 230. Following exercise the "pulmonary arteriolar" resistance was increased (average 650 units) preoperatively, and declined to 280 units after operation. Although most of the patients had lower "pulmonary arteriolar" resistances both at rest and following exercise after operation, the average decreases for the entire group lacked statistical significance. However, the average increase in "pulmonary arteriolar" resistance in response to exercise was 170 units before operation and was only 40 units after operation, a reduction which was statistically significant.
The above calculated resistances indicate that about half the decrease in resistance opposing the right ventricle, both at rest and after exercise, can be accounted for in terms of a reduction in the resistance of the pulmonary vessels, and the other half in terms of a lessening of the resistance beyond the lungs, namely of the mitral valve itself.
The "total peripheral" resistance after operation tended to be less at rest and following exercise than before operation, but these changes were small and not statistically significant. The work of the right ventricle against pressure (normally less than 1.0 unit) was abnormally high at rest preoperatively (1.5 units) and declined postoperatively to 1.2 units. With exercise, the average right ventricular work rose to 3.2 units preoperatively and to only 2.5 units postoperatively. Thus, the considerable decrease in pulmonary arterial pressure with operation tends to reduce the amount of work by the right ventricle to a greater degree than the slight rise in cardiac output that acts to increase it. As a result of the balances of these two factors, the net effect is a reduction in the right ventricular work, but one which is not statistically significant.
The work of the left ventricle against pressure at rest tended to rise slightly after operation because the increase in cardiac output was greater than the fall in peripheral arterial pressure. However, neither the average values of the left ventricular work at rest nor the responses to exercise-after operation were significantly greater than before operation.
Renal responses before and after mitral valvuloplasty
Individual renal data are presented in Table  IV , and group means and their statistical analysis in Table III .
At rest. Preoperatively all the patients had an abnormally low renal plasma flow (average 318 ml. per min. per 1.73 M2) while five patients (C. S., E. M., C. M., E. C., A. C.) also had lower than normal glomerular filtration rates (mean value for the entire group was 100 ml. per min. per 1.73 M2). Although after operation the renat plasma flow and glomerular filtration rate at rest: showed significant increases to or towards normaI in three patients, C. S., E. T., E. C., the postoperative renal plasma flow (mean 370 ml. Preoperatively, associated with the reduction caused by exercise in renal plasma flow and glomerular filtration rate, there were decreases in urine flow and the excretion of sodium, and usually of chloride, except in one patient, C. S. Likewise, after operation in all but one patient, J. C., there was a decrease in sodium excretion during the exercise period. In general, except for patient E. T., the reduction in sodium excretion during the exercise period paralleled the fall in the renal plasma flow and glomerular filtration rate. However, in response to exercise the decrease in sodium excretion was not significantly different be- Before operation all except two patients (A. L., C. S.) had reductions in sodium, chloride and usually water excretion during exercise which persisted during the recovery period. In the recovery phase sodium and water retention in most of the patients appeared to be independent of the changes in the glomerular filtration rate, since the latter measurements frequently had already returned to the control values. After operation all patients recovered more readily from the exercise-induced reductions of sodium excretion except for three patients (E. C., C. M., A. C.) who had a persistent decrease in sodium excretion after exercise.
DISCUSSION
There was no consistent relationship between the cardiohemodynamic and the renal functional abnormalities observed in these patients before or after operation. No correlation could be found to exist between the absolute levels of the cardiac output and the renal plasma flow and glomerular filtration rate at rest or during exercise. After mitral valvuloplasty three patients (C. S., E. T., E. C.) showed significant increases in renal plasma flow at rest, and four (C. J., E. M., C. M., E. T.) had smaller decreases in renal plasma flow during exercise. Of the two patients (C. S., E. T.) who had appreciable increases in the glomerular filtration rate at rest, one (E. T.) had a smaller decrease in the glomerular filtration rate in response to exercise after operation. However, these changes in renal plasma flow and glomerular filtration rate were not invariably related to improvement in cardiac output. For example, one patient in the group (C. S.) who had the greatest increase in cardiac output in response to exercise postoperatively had a fall in the renal hemodynamic measurements equal to that found preoperatively. On the other hand, the cardiac output response to exercise was similar before and after operation in patient C. J. whereas the renal plasma flow during the exercise period showed a lesser fall after than before operation.
Prior to operation two patients (E. M., E. T.) developed cardiac asthma during exercise with markedly elevated "pulmonary capillary" pressures, and also had marked reductions in glomerular filtration rate and renal plasma flow and persistent decreases in the excretion of salt and water. After operation they had no cardiac asthma with exercise and smaller decreases in renal plasma flow, glomerular filtration rate, or excretion of salt and water. However, the decreases in renal plasma flow and glomerular filtration rate during the exercise period in the group as a whole could not be correlated with any abnormal increases in mixed arteriovenous oxygen difference or levels of central vascular pressures before or after operation.
Preoperatively the return of the renal hemodynamic measurements to or towards control levels after the exercise period was not consistently related to the prior increase in cardiac output during exercise. However, in some patients after operation there appeared to be an association between improvement in the cardiac output responses to exercise and speed of return of the renal hemodynamic measurements to control levels after exercise. In several patients before operation the decreases in the excretion of sodium and water persisted for some time after exercise. In some cases they continued after the glomerular filtration rates had returned to control values. These decreases were therefore attributed, at least in part, to increased renal tubular reabsorption of salt and water. After operation, however, these decreases in renal function in general persisted for shorter periods. In only one patient (A. C.) in whom an increased renal tubular reabsorption of sodium persisted after exercise did a marked increase in the hematocrit (suggesting a decrease in blood volume with hemoconcentration) occur during exercise both before and after mitral valvuloplasty. It is possible that these two factors may have directly influenced the renal tubular reabsorption of sodium. In other patients during exercise, smaller increases in hematocrit occurred and appeared to contribute little, if at all, to the retention of sodium.
None of the patients after operation had a return to normal of their cardiohemodynamic or their renal functions in response to exercise. Several patients, on the other hand, had a return of individual functions to or almost to normal values at rest. In some, the reductions in urine flow, sodium excretion, renal plasma flow, and glomerular filtration rate were less marked especially in response to exercise than before operation. Likewise in some, the cardiohemodynamic abnormalities were less marked both at rest and in response to exercise than before operation. However, there was no consistent parallelism between these two types of improvement, particularly if measurements of only a single renal or circulatory function was considered. However, there was a fairly consistent trend for those patients with the more normal cardiohemodynamic responses to exercise to show the more normal renal responses.
In general, symptomatic improvement paralleled improvement in the cardiohemodynamic, or the renal function, or both. However, in some patients marked subjective improvement was noted with little change in either the cardiovascular or renal measurements. In fact, one patient (A. S.) in whom the left auricle was opened but no fracture of the mitral valve accomplished because of technical difficulties had marked symptomatic improvement for about six months without any significant alterations in cardiovascular or renal function.
Some reports on physiologic data obtained from patients with mitral stenosis following mitral valvuloplasty indicate that maximum improvement in the hemodynamic measurements may not appear immediately (24) , or early, but usually several months after operation (25) (26) (27) . The hemodynamic observations in our patients, who were studied early after operation (2 to 32 weeks), were believed at the time to represent maximum states of improvement. Cardiac catheterizations have been repeated in a majority of them one and one-half to two years postoperatively, and the hemodynamic responses in some cases found to be more normal and in others more abnormal than the initial postoperative studies reported here, and a few, actually more abnormal than the preoperative values (28) . SUMMARY Cardiovascular and renal measurements were made at rest and following exercise in nine patients with mitral stenosis before and within 2 to 32 weeks after mitral valvuloplasty. Cardiohemodynamic measurements after operation showed a slight, but not statistically significant, increase in the cardiac index, and a significant increase in the stroke index, since the heart rates tended to be slower. The pulmonary arterial and "pulmonary capillary" pressures were significantly lower. The right ventricular end-diastolic pressure was not significantly reduced at rest, but after exercise it was significantly less than before operation. The calculated "total pulmonary" resistance (which includes the resistance imposed by the mitral valve) was significantly reduced, but the "pulmonary arteriolar" resistance was not. The increase in the "pulmonary arteriolar" resistance in response to exercise was not so great after operation. The resistance opposing the right ventricle was decreased after operation apparently because of approximately equal reductions in the resistance of the pulmonary vessels and that imposed by the stenosis of the mitral valve. There was a slight reduction in the work of the right ventricle and a slight increase in the work of the left ventricle after operation but neither was statistically significant.
Preoperative resting renal plasma flow was approximately half and glomerular filtration rate about four-fifths of normal values. After operation the resting renal plasma flow and glomerular filtration rate were both increased, on the average, by about one-sixth, the latter approaching normal. In response to exercise the renal plasma flow fell, on the average, 43 per cent before operation and only one-half that much after operation, a significant improvement. The glomerular filtration rate decreased in response to exercise, on the average, 38 per cent before operation and only about twothirds that much after operation. This improvement was not statistically significant. The considerable decreases in urine flow, excretion of sodium, chloride and potassium in response to exercise, which tended to parallel the changes in the glomerular filtration rate, were not significantly different in magnitude after operation as compared with before. Although all the renal functions tended to recover from exercise more rapidly after operation, the mean data showed no significant differences from the preoperative responses.
In this group of patients mitral valvuloplasty produced varying degrees of improvement in the cardiovascular and renal functions both at rest and after exercise. In none of the patients, however, did the cardio-renal hemodynamic measurements return to normal values. A general improvement in cardiovascular function in individual patients was sometimes associated with increases in renal plasma flow, glomerular filtration rate and the ability to excrete salt and water during and after exercise. However, postoperative increases in salt and water excretion could not be consistently correlated with any specific change in cardiovascular or renal function, or both.
